Alternately hydrogen diluted a-Si:H multilayers are shown to be a promising concept for the fabrication of stable a-Si:H solar cells or other a-Si:H based devices. The alternately hydrogen diluted amorphous silicon multilayers were obtained by toggling both the H 2 /SiH 4 dilution ratio and the total flow rate of the gases under continuous UV light irradiation into the reaction chamber of a photochemical vapor deposition system. The films were characterized by Fourier transformed infrared spectroscopy, spectroscopic ellipsometry, cross-sectional transmission electron microscopy, and atomic force microscopy. We applied these multilayers as the active layer of p -i -n type thin film solar cells. The multilayer solar cells are compared to solar cells incorporating a-Si:H made from pure SiH 4 gas and to solar cells incorporating a-Si:H made at a constant hydrogen dilution ratio containing nearly the same hydrogen amount as the multilayer. We report on the light-soaking and annealing behavior of the solar cells. The multilayer solar cell has an exceptionally high recovery rate at low temperatures, which makes the solar cell degradation behavior highly sensitive to the cell temperature during degradation. Following the relation, D H ϰ1/, where D H and are the diffusion coefficient for hydrogen and time constant for annealing, respectively, the layered structure in the multilayer possibly elevates D H , which accounts for rapid stabilization and annealing.
I. INTRODUCTION
Since amorphous silicon ͑a-Si:H͒ degrades seriously under light, much effort has been undertaken to enhance the stabilized efficiency of a-Si:H based solar cells. One of the most preferred methods to suppress the degradation of the solar cells is the hydrogen dilution technique. Through this method, the stabilized efficiency of a single n -i -p junction a-Si:H solar cell has been improved to 9.2%. 1 There is an alternative method of deuterium dilution technique to enhance the stability, however its high cost hinders the industrial application. 2 As for the hydrogen dilution technique, some authors found that the best films are obtained under conditions just before 3 or after 4,5 microcrystalline formation. Recent studies ͑try to͒ explain the reason for the improved stability of a-Si:H in three ways: ͑i͒ the improved structural order ͑es-pecially the medium range order͒ of the a-Si:H contributes to the stability. 3 , 6 Guha and co-workers observed linear-like objects by transmission electron microscopy 3 and a narrow width of the first diffraction peak of the a-Si:H by x-ray diffraction measurements, 6 ͑ii͒ inclusion of a small crystalline volume fraction ( f v ) into the amorphous matrix suppresses defect creation under light illumination. 4 Excess carriers generated in the amorphous matrix tend to recombine in the embedded crystallites, which suppresses nonradiative recombination within the amorphous matrix and subsequent defect creation; ͑iii͒ the ''uninterrupted growth/annealing'' induces highly inhomogeneous hydrogen distribution, and the inhomogeneity itself improves the stability. 7 We believe that a degradation of a-Si:H based material can be further suppressed by tailoring the structure of that material, and we have developed the alternately hydrogen diluted a-Si:H multilayer. 8, 9 Our multilayer has some similarity in fabrication concept with the ''uninterrupted growth/ annealing'' technique. 7 Nevertheless, we call it ''multilayer'' because we have found that the material's quality largely varies by varying the sublayer deposition condition. In other words, we could optimize the device quality and the stability by tailoring the sublayers. A systematic research on the sublayer dependency of the multilayer will be presented later.
In spite of the lack of a historical basis on this layeredtype a-Si:H, high performance solar cells were obtained at the early stage of development. This article investigates light-soaking and annealing characteristics of the multilayer solar cell, and compares the multilayer solar cell to the solar cells of the a-Si:H made at a constant hydrogen dilution or the a-Si:H made from pure SiH 4 fabricated in the same system. We relate the very rapid annealing speed of the multilayer solar cell to the layered structure of the material.
II. EXPERIMENTAL PROCEDURES AND NOTATIONS
The alternately hydrogen diluted a-Si:H multilayer was prepared in an i-layer deposition chamber of a mercurysensitized photochemical vapor deposition ͑photo-CVD͒ multichamber system. 10 The temperature of the mercury bath was kept at 20°C and the substrate at 250°C. For the undiluted a-Si:H sublayer condition, 18 sccm of SiH 4 was used for 40 s. For the hydrogen diluted a-Si:H sublayer condition, 21 sccm of H 2 :SiH 4 ϭ15:1 mixed gas was used for 6 min. The computer-manipulated mass-flow controller toggled the two modes of undiluted and hydrogen diluted a-Si:H sublayer conditions under continuous UV light irradiation. A pumping speed of the chamber was fixed to induce fast adjustments of the pressure between the two gas flow conditions. Actually, the hydrogen diluted a-Si:H sublayer deposition condition of the multilayer lies in the regime for microcrystalline silicon fabrication. 11 However, when the condition was employed in our multilayer for a sublayer, no apparent crystalline volume fraction ( f v ) was detected by Raman spectroscopy. Because we applied continuous deposition, the remaining gas of the previous condition can affect the microcrystalline condition. To compare with the case in which the gases were mixed at a constant ratio, we prepared hydrogen diluted a-Si:H, which was deposited from 20.5 sccm of H 2 :SiH 4 ϭ5.9:1 mixed gas at the same pumping speed as the multilayer. The H 2 dilution ratio and the total gas flow rate of the hydrogen diluted a-Si:H were determined by averaging the amounts of SiH 4 and H 2 used in the multilayer. The average deposition rate of the hydrogen diluted a-Si:H ͑48 Å/min͒ was approximately the same as that of the multilayer ͑nominally 330 Å/cycle, 49.5 Å/min͒. We also prepared bulk undiluted a-Si:H, for which 12 sccm of SiH 4 gas was used, keeping the chamber pressure at 0.24 Torr. The deposition rate was 120 Å/min.
For material characterization, we used ͑100͒ oriented p-type c-Si wafer as substrates. To prevent epitaxial growth, 5 nm thick undiluted a-Si:H was deposited before the hydrogen diluted a-Si:H and the multilayer film growth.
The solar cell structure is glass/SnO 2 /p-aSiC:H/p-c-Si:H/i-multilayer or a-Si:H made at a constant hydrogen dilution or a-Si:H made from pure SiH 4 /nc-Si:H/ZnO ͑for Figs. 5, 7, and 8͒/Al. The thickness of the i-layer was around 550 nm for all three types of cells and the p-and n-layer conditions are described elsewhere. 12 The cell area is 0.092 cm For convenience, we employed two types of normalizations in the degradation and the annealing tests. The subscript ''n1'' is defined as a value normalized to an initial value, and the subscript ''n2'' is defined as the difference between the actual value and the degraded value divided by the difference between the initial value and the degraded value. For example, Eff n1 ϵefficiency/initial efficiency, and FF n2 ϵ͑fill factor-degraded fill factor͒/͑initial fill factordegraded fill factor͒. Before starting the annealing tests, the solar cell was degraded by around 15%. peak sizes and positions near 630, 2000, or 880 cm Ϫ1 in Fig.  1͑a͒ , the hydrogen diluted a-Si:H and the multilayer are noticeably different from the undiluted a-Si:H, whereas they cannot be distinguished from each other. Compared to the undiluted a-Si:H, the hydrogen diluted a-Si:H or the multilayer show a slight shift of the peaks near 630 and 2000 cm Ϫ1 to lower wave numbers and an enlargement of the peak near 880 cm Ϫ1 . On the other hand, Fig. 1͑b͒ indicates that there are significant differences between the hydrogen diluted a-Si:H and the multilayer. The peak near 3.5 eV of the multilayer is shifted to higher energy and the amplitude is also higher. We can exclude effects of the thickness and the surface roughness because the multilayer was ended with an undiluted a-Si:H sublayer that has similar thickness and roughness values as the a-Si:H made at a constant hydrogen dilution. We can consider a possibility-the electronic structure of the multilayer strongly deviates from that of the a-Si:H made at a constant hydrogen dilution due to a different deposition style. Figure 2 shows the cross-sectional transmission electron microscopy ͑XTEM͒ images of ͑a͒ ten cycles of the multilayer and ͑b͒ the a-Si:H made at a constant hydrogen dilution, which were presented in Fig. 1 . The uninterrupted multilayer deposition seems to lack a sharp periodicity, however, the multilayer evidently has horizontal stripes, which do not appear in the a-Si:H deposited at a constant hydrogen dilution.
III. RESULTS

A. Material characteristics
In Fig. 3 , we show atomic force microscopy ͑AFM͒ surface morphologies of the multilayer presented in Fig. 1 . Figure 3͑a͒ shows the surface morphology of the multilayer ended with the tenth hydrogen diluted a-Si:H sublayer condition. The root mean square ͑rms͒ roughness of the surface is 1.73 Å. Figure 3͑b͒ shows the surface morphology of the multilayer ended with the tenth undiluted a-Si:H sublayer condition. The rms roughness of the surface is 25.7 Å. These significantly different morphologies were repeatedly observed on each sublayer's surface of every cycle. Figure 4 shows the dependence of the initial cell performance on the flow rate for the undiluted a-Si:H sublayer. The f v determined by Raman spectroscopy and the degradation after 12 h of light soaking are displayed at several points. The number of iteration cycles for the i layer is fixed at 18. Hence, the total i-layer thickness varies from about 550 nm to about 600 nm according to the conditions. The remaining SiH 4 in the chamber after each undiluted a-Si:H sublayer deposition obstructs microcrystallization during hydrogen diluted a-Si:H deposition. If we reduce the residual of SiH 4 by reducing the gas flow rate for the undiluted a-Si:H sublayer deposition to 12 sccm, the multilayer film contains some crystalline fraction. However, the inclusion of crystallites does not improve any physical parameter of the multilayer solar cell. As most data points in the figure show ͑left-hand side͒, neither the initial nor the degraded solar cell quality under such conditions is higher than that of the undiluted a-Si:H sublayer condition at 18 sccm. The fill factor ͑FF͒ is the major factor that contributes to the initial performance variation. It is noticeable that, comparing the multilayer sample incorporating the undiluted a-Si:H sublayers made at a SiH 4 flow of 16 sccm with the sample incorporating the sublayers at 12 sccm, the stability and the FF improve in spite of a decreasing average hydrogen dilution ratio. At present, it is hard to discuss the materials characteristics by comparing the absolute parameter values of the multilayer solar cell with those of the hydrogen diluted or the undiluted a-Si:H solar cell, because each material needs a different p-layer condition for optimized cell performance. However, with exactly the same p-layer condition, the tendencies of the initial performances of the solar cells in Table  I were reproducibly observed. The multilayer solar cell has higher initial efficiency than the a-Si:H solar cell made at a constant hydrogen dilution due to its higher open circuit voltage (V oc ) and higher short circuit current (J sc ). The lower FF of the multilayer solar cell implies that the i layer is a bit highly resistive because of the established transport barriers ͑even though they gradually vary͒. Its higher J sc compared to the hydrogen diluted a-Si:H solar cell implies that the multilayer elevates optical absorption coefficient. The barriers may also enhance V oc , because the dark current is also suppressed.
B. Solar cell characteristics
Light-soaking and annealing effects of the solar cells of the multilayer, the a-Si:H made at a constant hydrogen dilution, and the a-Si:H made from pure SiH 4 are shown in Fig.  5 . From 0 to 6 h, the cell was exposed to light keeping the cell temperature at about 31°C ͑A stage͒, and then to 14 h, light was illuminated keeping the cell temperature at the standard value of the degradation test, 48°C ͑B stage͒. The degraded solar cells were maintained in a dark state at room temperature ͑RT͒, 23°C for 3 days ͑C stage͒. Finally, the solar cells were annealed at 133°C for 1 h ͑D stage͒. Through stages A-C, the multilayer solar cell showed the 13 Also, the dark state C does not cure the solar cell. The 133°C annealing carries the solar cell efficiency up to the lowest Eff n1 due to its highest initial degradation. Figure 6 shows the normalized fill factor (FF n1 ) and the inset shows the normalized efficiency (Eff n1 ) of the solar cells as a function of the light-illumination time. The cell temperature was maintained at 48°C. The multilayer solar cell shows rather fast stabilization compared to the hydrogen diluted a-Si:H solar cell, while the undiluted a-Si:H solar cell evidently shows a lack of stabilization within this frame.
In Fig. 7 , we show the evolution of the absolute efficiency of the best multilayer solar cell under a standard degradation condition ͑1 sun, cell temperature: 48°C͒. The inset table presents the initial and degraded parameters of the multilayer solar cell. After 24 h illumination, the multilayer solar cell efficiency seems to oscillate within a small deviation. Figure 8 shows the initial-state light-collection efficiency of the multilayer solar cell presented in Fig. 7 .
To confirm our measurement, we display typical solar cell performances measured at different laboratories in Table  II . The solar cell has the same i layer as that of Fig. 7 and has a slightly different p-layer structure. The solar cell in Table  II was exposed to AM 1.5, 1 sun illumination for 24 h, then it was maintained in dark state at RT over 2000 h, during which the solar cell recovers and its efficiency saturates at 97% of the initial value. ͑As we noticed in Fig. 5 , the multilayer solar cell is highly sensitive to the cell temperature and has high recovery effect at RT.͒ Using the solar cell presented in Table II , we demonstrate the behavior under longterm ͑up to 1000 h͒ light illumination behavior in Fig. 9 . In this experiment, the solar cell temperature was kept at about 32°C. From Fig. 5 , we can predict that the Eff n1 will be stabilized at 0.85 at this temperature, which corresponds to the result of the present figure. In this case, we can also confirm that the multilayer solar cell stabilizes faster than conventional solar cells and that there is no longterm degradation after the fast initial stabilization in the first 20 h of light soaking.
C. Curve fitting for degradation and annealing characteristics of the solar cells
The aim of this section is to compare the three materials by the values of their time constant ͑͒ for degradation and annealing of the respective solar cells, and to reveal the special properties of the multilayer, which has a high sensitivity to the cell temperature. Figure 10 shows the increase of the reverse saturation current (J 0 ) of the solar cells as a function of light-soaking time. For J 0 determination, a linear graph passing through the two current points measured at 0.5 and 0.6 V was extrapolated to the intersection with the current axis at 0 V. The fitting curve is obtained from the following equations:
where N, N sat , N init , , and ␤ are, respectively, defect density, saturated defect density, initial defect density, time constant, and fitting parameter. From Ref. 15 , J 0 ϰN, where N is the defect density of the i layer of a-Si:H solar cells. Hence, we can write
where J 0,d and J 0,i are the 24 h illuminated reverse saturation current and the initial reverse saturation current, respectively. Thus, it is confirmed that the multilayer solar cell has the lowest for degradation. where K 1 and C 0 are constants, and N s is the spin density. Then the calculation similar to that in Ref. 17 can be applied to FF n2 . By modifying Eq. ͑1͒ for annealing
A combination of Eqs. ͑3͒ and ͑4͒ results in
where nϵN init /N sat . We fixed n at 0.1 for concise calculations. 17 For clear comparisons among the three materials, the fitting parameter ␤ was fixed at each annealing temperature. At all temperatures in these figures, the multilayer solar cell definitely presents the lowest and the highest amount of recovery. These annealing characteristics account for the high sensitivity to the cell temperature of the multilayer solar cell in Fig. 5 . The annealing rate and the effectiveness of annealing of the hydrogen diluted a-Si:H solar cell is the lowest, which was also observed in Fig. 5 . The tendencies in the annealing behavior and the degradation behavior in the a-Si:H made at a constant hydrogen dilution differ from the multilayer significantly.
IV. DISCUSSION
A. Layered structure of the multilayer
We can observe in Fig. 2͑a͒ that two different layers are alternately stacked in the multilayer. Each layer seems to belong to a different amorphous regime. The distinctiveness of images and roughness in Fig. 3 can be other evidence for different-phased layers already presented in the multilayer. Even though each phase may be amorphous, they must differ in hydrogen content or in order of the silicon network. We expect some beneficial effects of the multilayer: ͑i͒ by spatially separating the generated electron-hole pairs, built-in potentials due to different Fermi level offsets can reduce the regions damaged by light-induced bond breaking; 18 ͑ii͒ broken bonds have a better chance of being rebonded in narrowly confined circumstances; 19 ͑iii͒ spatial separation of regimes with improved medium range order and regimes where hydrogen is confined ͑absence of Si-H bonds near weak bonds impedes breaking of these bonds͒. On the other hand, the thermal annealing behavior reveals quite different aspects. The a-Si:H solar cell made at a constant hydrogen dilution shows the poorest annealing behavior while the multilayer solar cell shows the most prominent annealing behavior. One can hypothesize that high hydrogen-containing a-Si:H may create more irreversible defects-hydrogen molecules formation or H ϩ drift into p layer-which hinders the solar cell from recovering. Despite this fact, the multilayer possesses another recovering mechanism, which prevails irreversible defect creation. To explain this behavior, we investigated the materials energy barrier for annealing.
where is the attempt-to-anneal frequency and E B is the energy barrier for annealing. where D H is the hydrogen diffusion coefficient. This relation also can be deduced from Ref. 23 . Branz asserted that the long-range hydrogen motion is critically related to the metastable behavior of a-Si:H. 20 Hence, it is suggested that the a-Si:H with a rapid hydrogen motion ͑or with more mobile hydrogen͒ can recover rapidly. The fact that the multilayer stabilizes faster than the a-Si:H made at a constant hydrogen dilution in the light-induced degradation case can be attributed to the layered structure. Especially, considering the significantly different values for the multilayer and the a-Si:H made at a constant hydrogen dilution in the annealing case, we attribute this difference to the special structure of the multilayer. The layered structure of our multilayer possibly elevates D H . For example, lattice scattering can be suppressed in the multilayer, or each layer can offer a pathway for hydrogen migration.
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V. CONCLUSION
We fabricated an alternately hydrogen diluted a-Si:H multilayer without stopping gas flow and UV light exposure in a chamber of a photo-CVD multichamber system. We exhibited XTEM and AFM surface images as evidence for different types of amorphous silicon existing within the multilayer. We found a peak position shift and an amplitude enlargement in the pseudodielectric function of the multilayer relative to that of the hydrogen diluted a-Si:H, which cannot be explained merely by the amount of average incorporated hydrogen content.
To confirm the superiority of the alternately hydrogen diluted multilayer, light-induced degradation and annealing characteristics of solar cells incorporating these layers were investigated. The results were compared with the a-Si:H solar cell made at a constant hydrogen dilution solar cell and the a-Si:H solar cell made from pure SiH 4 . The hydrogen diluted a-Si:H solar cell revealed fast light-induced degradation and the multilayer solar cell showed even faster degradation. On the other hand, the hydrogen diluted a-Si:H solar cell showed the poorest annealing behavior, while the multilayer solar cell showed the fastest annealing behavior. To explain this behavior we suggest a more rapid hydrogen motion in the multilayer, originating from its layered structure.
